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1. Introduction 
Over the years, reinforced concrete has been 
promoted as having a long life during which it requires 
negligible attention. However, now, a world-wide 
problem is being experienced due to the deterioration of 
concrete. The concrete defects and deterioration not only 
happen on the older concrete structures but are also 
observed on newly constructed structures. The 
mechanism of deterioration and its rate are controlled by 
the environment, the paste microstructure and the fracture 
strength of the concrete [1]. Corrosion of embedded 
reinforcement is one of the major problems that 
contribute to deterioration of structural concrete. The 
direct effects of the reinforced corrosion are: loss of bar 
cross section; increase in bar diameter resulting from the 
volumetric expansion of the corrosion products; a change 
in the characteristics of the bar/concrete interface upon 
the formation of corrosion product; and reduction of the 
concrete section [2]. Loss of bar section may reduce 
ductility of the steel reinforcing bar. With insignificant 
ductility, a structure might fail and collapse in a brittle 
fashion without warning.   
 
 
2. Basic Mechanism of Corrosion of 
Reinforcement  
 
Research into corrosion of steel reinforcement in 
reinforced concrete started over 200 years ago when 
damage was observed at the exposed concrete structures 
to sea water. According to BiczΌk [3], the problems of 
concrete corrosion caused by sea water action was tackled 
as early 1840 by J. Smeaton and L. J. Vicat, while the 
report on concrete damage cause by chemical attack and 
observed on the harbour structure in Algier was published 
by L. J. Vicat in 1841. The last decade has witnessed a 
growing concern for problem of corrosion damage in 
reinforced concrete structures. Because of the importance 
of understanding the process and influence of various 
parameters, it is necessary that an evaluation of corrosion 
on concrete be carried out.  
The mechanism of metal corrosion depends on the 
involvement of water in the process. Corrosion of steel 
bar in reinforced concrete is classified as an electrolytic 
process. Corrosion in the normal sense involves loss of 
electrons from the metal to the environment (usually 
water and oxygen) and the formation of corrosion product 
such as oxides [4,5]. When steel is exposed to normal 
climatic conditions, it will corrode even when it is not 
connected electrically to another metal. This process 
confirms the basic theory where steel is not homogeneous 
but contains areas of slightly differing composition. 
Corrosion of steel in concrete can be modelled as a 
three-stage process [6]. The first stage, usually called the 
initiation stage, is the diffusion of CO2 or chloride 
through the cover to the steel reinforcement that cause 
depassivation. The second stage is the activation stage, 
where more of the rebar network starts to corrode and the 
rust products are formed. The third stage is deterioration 
as cracking and spalling occur. Eventually a situation is 
reached which is defined as the end of the functional life, 
and rehabilitation must take place by that point. 
 
 
2.1 Initiation stage 
Generally concrete provides an alkaline environment 
to the reinforcing steel where the pH level is between 
12.5 and 13.5, resulting in steel being in what is termed a 
passive state. The dense and relatively impermeable 
structure of concrete provides the physical protection, 
while the high alkalinity of the pore solution provides the 
chemical protection [7]. In practice, depassivation of the 
film may occur under two specific sets of conditions: (i) 
reduction of the pH value due to reaction with 
atmospheric CO2 (carbonation); and (ii) penetration of 
chloride ions into the concrete pore solution around the 
steel [8]. Carbon dioxide (CO2) from the external 
environment penetrates into concrete by the process of 
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diffusion.  In the presence of water, this gas dissolves and 
reacts with cement to form carbonates. This reaction 
decreases the pH value to 9.5 resulting in destruction of 
the passivating layer. Corrosion begins only if the 
reinforcing steel has significant potential difference along 
with the presence of sufficient moisture and oxygen [9]. 
Chlorides penetrate the cover of the reinforced-
concrete member by a combination of diffusion and 
capillary action and they gradually permeate until they 
reach the steel surface. Steel reinforcement becomes 
depassivated after a period of time once a threshold of 
chloride concentration is reached, which depends 
principally upon the cement composition, concrete 
quality, and the conditions of environmental exposure, 
[10].  
 
2.2 Activation stage 
Once the passive layer breaks down, then areas of 
rust start appearing on the steel surface [6]. The rate of 
corrosion may vary from point to point because of 
variations in alkalinity (pH) and concentration of salt and 
oxygen in the solution in the concrete close to the bar 
surface [11].  
Iron dissolves away from the anodic region, while 
the electrons passing to the cathode regions combine with 
water and oxygen to form hydroxyl ions, [OH]-. The 
hydroxyl ions will combine with the ferrous ions, Fe++, 
released into the electrolyte at the anode, to form ferrous 
hydroxide (Fe (OH)2), a slightly soluble jellylike 
substance which, in the presence of oxygen, is promptly 
converted into some other form of iron oxide, e.g. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
insoluble or some ferric oxide (Fe2O3.H2O), which is rust 
(see Fig. 1). 
Two kind of electrochemical corrosions have been 
classified; microcell and macrocell corrosion. Microcell 
corrosion, consisting of pairs immediately adjacent 
anodic and cathodic areas which often lead to the uniform 
ion removal [12]. This type of corrosion is generally 
caused by carbonation of concrete over a wide area in the 
vicinity of the steel. 
Macrocell corrosion leads to localized attack which 
can reduce the minimum area of a bar at a relatively rapid 
attack. Macrocell normally occurs in the case of chloride-
induced corrosion which consists of anodically acting 
areas where the critical chloride content has been reached 
and large cathodes are next to the anode or sometimes 
also quite far away from the anode up to a distance of a 
few metres [13] 
When reinforcement rusts, the corrosion products 
generally occupy considerably more volume than that of 
the steel destroyed [11]. The magnitude of this increase in 
volume typically varies in the region of 2 to 3 times the 
volume of the metal. This leads to the cracking and 
spalling of the concrete cover observed as the usual 
consequences of corrosion of steel in concrete and to the 
red/brown brittle, flaky rust on the bar and the rust stains 
seen at cracks in the concrete. Some of these corrosion 
products disperse into the concrete pores surrounding the 
bar and extend to which they disperse influences the 
build-up of pressure. Slower rate of corrosion permit 
corrosion products to disperse. This is significant for the 
rate of corrosion to be used in the laboratory simulation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1/2O2 + 2H2O + 2e
- 2OH- 
 Anodic reaction  : Fe → Fe2+ + 2e- 
 Cathodic reaction  : 
2
1
O2 + H2O + 2e
- → 2(OH)- 
 Fe (OH2) + X. O2 + Y. H2O → rust 
 
Ionic current 
Anode 
Cathode 
Electronic 
current 
Concrete 
Reinforcing bar 
Fig.1 The corrosion reaction on steel. 
4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3 → 2Fe2O3.H2O(Rust) + 4H2O 
Fe2+ + 2OH- → Fe (OH) 2 
Fe → Fe2+ + 2e- 
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2.3 Deterioration stage 
Corrosion will reduce the cross-section of the steel 
and the concrete, and thereby the load carrying capacity 
of the structure. Pitting corrosion is more dangerous than 
uniform corrosion. Without necessarily being evident 
from the surface of the member, it may progressively 
reduce the cross sectional area of the rebar to a point 
where the rebar can no longer withstand the applied load 
leading to a catastrophic failure of the structure [14].  
The basic problem associate with the deterioration of 
reinforced concrete as a result of corrosion is not only 
that the reinforcing steel reduces in mechanical strength, 
but also the products of corrosion exert stress within the 
concrete that cannot be resisted by the limited plastic 
deformation capacity of the concrete and the concrete 
therefore cracks. This leads to the weakening of the bond 
and anchorage between concrete and reinforcement which 
directly affects the serviceability and ultimate strength of 
concrete element within structures [15]. Also, spalling of 
the concrete cover reduces the cross sectional area of 
concrete in the member which may also reduce axial, 
bending and shear capacity. 
 
 
 
 
3. Structural Effects of Corrosion 
Many experiments have been done in order to 
investigate the effects of corrosion on the overall 
performance of an RC member. Castel et al. [16] showed 
that the stiffness deterioration in the response of a 
corroded beam depends on the interaction of bar-section 
reduction and bond deterioration. According to Coronelli 
and Gambarova [17], the flexural behaviour in a corroded 
beam is affected not only by the loss of concrete and steel 
section but also by bond decay. Corrosion affects both the 
strength and the ductility of the structure at ultimate, 
because corrosion reduces the steel elongation at 
maximum load. The effects of corrosion on reinforced 
concrete member can be divided into three conditions, 
those on loss of bar cross section, those which affect the 
surrounding concrete and those which affect interaction 
(or bond) between bar and concrete [18]. The 
consequence of each of these aspects and their inter-
related effect on the load-carrying capacity of reinforced 
concrete structures is shown in Fig. 2. Therefore to tackle 
the problem related with corroded reinforcing bars in 
concrete, these three main parameters, such as loss of bar 
section, cover cracking and bond degradation should be 
considered. 
 
 
 
 
 
 
 
Loss of bar 
section 
Corrosion 
Weak interfacial layer 
Cover cracking Bond Local 
Ductility Strength Anchorage 
capacity 
Composite 
interaction 
Loss of concrete 
cross-section 
Further reduction in corrosion 
resistance 
Reduction of load-carrying capacity 
Volumetric 
expansion 
General 
Loss of 
rib height 
Fig. 2 Effects of reinforcement corrosion on residual structural capacity [18]. 
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3.1 On bars 
Several experimental studies have investigated the 
effects of corrosion on the mechanical behavior of steel 
bars [16,19]. According the Andrade et al. [20], reduction 
in the bar section between 10 and 25% in the critical 
zones of the structure will mean the depletion of its 
residual service life, whereas reduction up to 5% (with 
cracking and spalling) will indicate an early stage of 
deterioration. 
Experimental work done by Almusallam [7] on the 
effects of corrosion on mechanical properties of steel 
reinforcement indicates that, as the degree of corrosion 
increases, the corresponding elongation of the bar before 
failure decreases. It also shows that 12.6% or more 
corrosion increases steel reinforcement brittleness. 
Conversely, corrosion generated from atmospheric 
exposure up to 16 months shows no effects on yield and 
ultimate tensile strength as tested by Maslehuddin et al. 
[21], but here the amount of section loss was small, and 
the maximum diameter reduction was only 0.53 percent.  
Based on a study of ductility of corroded reinforcing bars, 
Du et al. [22] concluded that the reduction of ductility of 
corroded reinforcement is primarily a function of the 
amount of corrosion (% of weight loss), rather than bar 
type and diameter. Furthermore, strength ratio, hardening 
strain and elastic modulus are not significantly affected 
for up to 25% corrosion. 
 
3.2 Bond 
There are two mechanisms by which corrosion may 
affect the bond between reinforcing bars and concrete 
[10]. First, most of the corrosion products that accumulate 
on the bar surface occupy a larger volume than that of the 
original un-corroded metal, thereby causing cracking or 
spalling of the concrete cover. Loss of cover inevitably 
implies loss of confinement and reduction in bond 
strength at the interface zone between the two materials. 
In addition, the surface of the bar becomes covered with 
corrosion products. This interferes with the development 
of bond mechanisms that rely on adhesion on the bar 
surface.  
Degradation of anchorage bond of reinforced bar due 
to corrosion has been investigated by many researchers. 
Several experiment tests have been conducted in order to 
understand the degradation behaviour and identify the 
distress parameters that contribute directly to the 
degradation. In plain bars, two different mechanisms 
might thus be responsible for loss of bond as a result of 
corrosion [18]: (i) a mechanical weak layer of corrosion 
product at the steel/concrete interface, and (ii) a reduction 
in the confinement as cover cracks develop along the bar 
owing to volumetric expansion of the product of 
corrosion. 
A test conducted by Morinaga [23] shows that the 
influence of corrosion on bond strength was different 
between plain round and deformed bars. On plain round 
bars, bond strength was determined mainly by the 
adhesive force between concrete and bar surface, while 
on deformed bars the key action of the ribs on the surface 
of the bar was not affected by the corrosion. He assumed 
that there is no distinctly negative influence of corrosion 
on bond strength until the degree of corrosion reaches the 
very heavy grade. However, Cairns et al. [24] conducted 
friction tests to measure the change in coefficient of 
friction between steel plates and concrete as a result of 
corrosion. They concluded there was no evidence to 
support the influence those corrosion products produce a 
mechanically weak layer at the bar-concrete interface.  
General trend of changes of bond strength after 
corrosion has been initiated is presented in Fig. 3 [25], 
although there are exceptions in certain circumstances, 
described later. Initially, bond strength is increased by a 
small amount of corrosion but starts to decrease with 
further increases in corrosion level. 
 
 
Fig. 3 Bond strength versus corrosion  
 
This trend was observed by Cabrera and Ghoddoussi 
[25] and Al-Sulaimani et al. [27]. They used the same 
size of pull-out specimens (150 mm x 150 mm) 
reinforced with different bar diameters. Both results show 
that bond strength increased when the corrosion level 
increased up to 1% section loss and decreased with 
further corrosion. Bond strength increment was inversely 
related to bar diameter, as in the work of Al-Sulaimani; 3 
different bar diameters which implies on different of 
cover to diameter ratios were used where 10 mm bar 
shows the highest increment of 56% (0.87% section loss) 
followed by 14 mm and 20 mm bar diameter (32% and 
27% respectively, corresponds to 0.9% and 0.65% section 
loss).  
In the Cabrera and Ghoddoussi test, only a 12 mm 
bar diameter was used and gave around 14% increment 
on bond strength (0.71% section loss). This increment 
was lower than in the Al-Sulaimani test even the level of 
corrosion was almost similar, which results from the 
influence of surface crack width which reduced the 
confinement of the test bars. During their test, specimens 
were in the precracking stage with no surface crack 
observed, while in the Cabrera test, 0.2 mm width surface 
crack appeared when the bond strength starts to decrease. 
The same result was observed by Auyeung et al. 
[28]. They used axial tension pullout test specimens to 
study the bond behaviour of a corroded reinforcement 
bar. After 1% of corrosion, bond strength decreased 
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rapidly. Cantilever test specimen was used by 
Almusallam et al. [29] where open stirrups were provided 
to avoid shear failure during the bond test. They found up 
to 4% of weight loss, 16% increment of bond strength 
which then decreased as the amount of corrosion 
increased. By 8% of corrosion (post cracking stage), bond 
strength was almost 30% lower than that of uncorroded 
specimens. 
Pull-out tests conducted by Fang et al. [30] on 
pullout specimens confined with two 6 mm diameter 
stirrups at 40 mm spacing show no obvious degradation 
in bond strength. When the degree of corrosion was 6%, 
the bond strength decreased by only 12%, which was far 
lower than in the unconfined specimens reported 
previously. Other tests were conducted on 24 specimens 
reinforced with 20 mm hot-rolled deformed steel bars and 
having 80 mm embedment length (Fang et al. [31]. These 
confined and unconfined specimens were corroded with 
varying corrosion degrees from 0% (non corrosion) to 6 
% mass loss. The experiment results have been compared 
with analytical results from nonlinear finite element 
analysis. They found that confinement supplied an 
effective way to counteract bond loss for corroded steel 
bars of the medium corrosion level (around 4% to 6% 
mass loss). Both experiment and analysis showed that the 
bond strength of unconfined steel bars was 30 – 65% 
lower than that of confined steel bars for a similar 
corrosion level. 
Williamson and Clark [32] considered five variables: 
level of corrosion, pre-load, cover depth, bar type (plain 
and deformed) and specimen age in studying the effects 
of corrosion on bond strength. They found that pre-
loading the specimens during the corrosion process 
affected only deformed bar specimens with the greatest 
cover thickness. At 20% corrosion with cover to diameter 
ratio of 2, the appearances of extensive cracks has slight 
effects on bond strength when compared with uncorroded 
specimens. 
 
4. Corrosion Induced Surface Crack 
The appearance of surface cracks on the corroded 
structures results from the volumetric expansion of active 
corrosion of the reinforcing bars. This volume depends on 
the type of oxide, degree on hydration and on the 
dispersion of corrosion products into the surrounding 
pore structure [33]. When corrosion initiates, it 
progresses by causing an expansion of the rust produced 
in the vicinity of the rebar. Longitudinal corrosion cracks 
form along the corroded reinforcing bars when the tensile 
stress in the concrete surrounding the rebar exceeds the 
tensile strength of the concrete [8]. These cracks cause 
loss of concrete integrity which reduces the concrete 
contribution to the load-bearing capacity and affects the 
external appearance of the structure [34]. 
Experimental works were conducted by Andrade et 
al. [35] to identify the influence of bar location, 
impressed current intensity and cover thickness on 
surface crack as a function of rebar corrosion. They found 
that 20 μm of bar radius loss to corrosion was needed to 
induce surface crack, but no influence of cover/ diameter 
ratio on the cracking initiation time. The influence of 
corrosion on crack initiation was discussed previously in 
fib Bulletin 10 [25] and tabulated in Table 1. Different 
section loss was produced to induce surface crack from 
0.3% to the maximum 4% of section loss. In general, high 
amounts of corrosion induced by high impressed current 
are required to initiate cracks on a thick concrete cover. 
On crack propagation, Rodriguez et al. [34] 
mentioned that crack evolution depends mainly on the 
position of the bar in concrete element (top or bottom cast 
position) and on the corrosion rate icorr, although this 
influence was negligible for usual corrosion rate values 
ranging between 0.1 – 2 μm/cm2. They developed an 
empirical expression from their experimental results on 
different casting positions, where crack width as a 
function of attack penetration was derived as: 
 
][05.0 oxxw                (w < 1.0 mm) (1) 
 
where w is the crack width in mm, x is attack penetration 
in micron, xo is the attack penetration corresponding to 
crack initiation and β is a coefficient which depends on 
the bar position (β = 0.01 for top cast bar, 0.0125 for 
bottom cast bar). 
Alonso et al. [33] found a linear relationship between 
crack width growth and radius loss during the 
propagation period of the crack. In conclusion, they 
summarized the evolution of crack width as in Table 2. 
Vidal et al. [39], based on their work on two beams 
naturally corroded over periods of 14 and 17 years found 
that attack penetration calculated from pit penetration and 
diameter decrease to quantify reinforcement corrosion 
only gives a good prediction of crack initiation, but not of 
crack propagation. It was due to the fact that the attack 
penetration used was derived from the pitting condition 
which was calculated from several experimental data, 
which to some extent were limited to certain problems 
and the corrosion environment only, while section loss 
was determined from actual mass loss after the corrosion 
process, which gives more accurate results. In this work, 
they concluded that longitudinal crack initiation depends 
on the cover/ diameter ratio and the bar diameter, but the 
quality of the steel concrete interface may have some 
effects. However, on crack propagation, cover/ diameter 
ratio and the bar diameter seem to have no effects on the 
crack width evolution as a function of steel cross-section 
loss. 
Several studies have been conducted to investigate 
the influence of surface crack on bond strength reduction. 
On plain bars, longitudinal cracking reduced the 
confining pressure on the bar interface which reduced the 
bond strength, which was shown by Cairns et al. [18] for 
specimens without links. This condition was not observed 
in specimens with links because confining pressure was 
maintained by the links. The relationship between bond 
strength and crack width from different casting position is 
depicted in the following equations, refer equation (2) 
and equation (3). 
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where: 
 fbres – residual bond strength for assessment 
 fbu – design bond strength 
              wcr – maximum width of longitudinal cover 
crack 
 
On deformed bars, Almusallam et al. [29] reported 
that at the initial stage of crack formation (≈ 0.2 mm 
width), ultimate bond load was decreased to around 60%.  
After a certain degree of corrosion, the effects of crack 
width  on  bond strength  was  insignificant    because   of  
sufficiently wide cracks; the reinforcement bars had 
already lost much of their confinement, and a further 
increase in crack width does not cause any further 
reduction in the confining force. 
 
5. Conclusion 
i. Three mechanisms, namely cover cracking, bar 
section loss and bond strength deterioration were 
identified as having influence on reduction on 
residual capacity in corroded structure.  
ii. Section loss (%) and attack penetration (mm) are 
the two main parameters used by previous 
researchers in quantifying amount of corrosion.  
iii. In general, some enhancement of bond strength on 
the early stage of corrosion due to some changes in 
steel/concrete interface. 
iv. Surface crack was formed due to volumetric 
expansion of corrosion products around the steel 
bar. 
 
 
Table 1: Amount of corrosion to initiate crack of concrete cover [24]. 
 
Researchers 
Bar   
(mm) 
c/  ratio 
Impressed 
Current 
(mA/cm
2
) 
Crack 
Width 
(mm) 
Section 
Loss  
(%) 
Corrosion 
Penetration 
(mm) 
Al-Sulaimani et 
al. [27] 
10 7.5 2 
- 
5 0.13 
14 5.36 2 3 0.11 
20 3.75 2 2 0.10 
Cabrera and 
Ghoddoussi [26] 
12 5.75 3 Volts 0.2 1-2 0.03-0.06 
Clark and 
Saifullah 36] 
8 0.5 0.5  0.4 0.008 
8 1.0 0.5  0.6 0.012 
8 2.0 0.5  1.3 0.026 
Andrade et al. 
[35] 
 
16 
1.25-1.88 0.1 0.05 
0.015-
0.018 
0.4-0.48 
1.25 0.01 < 0.05 0.017 0.43 
Saifullah and 
Clark [37] 
8 1.0 0.04 
 
- 
1.1 0.022 
8 1.0 0.25 0.78 0.016 
8 1.0 2 0.3 0.006 
Rodriguez et al. 
[38] 
16 2.0-4.0 0.003-0.10 - 0.4- 1.0 0.015- 0.04 
Almusallam et al. 
[29] 
12 5.0 10 - 4.0 0.12 
 
 
Table 2: Influence of several parameters on the initiation and propagation of crack width [32]. 
 
 
Variable 
Time of evolution of the crack for the same attack penetration 
Initiation Propagation 
Increases Icorr 
Increase c/ø 
Increase porosity 
Stirrup (isolated) 
Indifferent 
Longer 
Longer 
Indifferent 
Longer 
Low to high influence 
High influence 
Indifferent 
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